The flexural properties of 2D plain-woven Hi-Nicalon TM fiber reinforced SiC/SiC composites with various PyC and PyC-SiC multilayers were studied at ambient temperature. The composites were fabricated by chemical vapor infiltration process (CVI). The interlayers were deposited by isothermal CVI process from methane for PyC layer and CH 3 SiCl 3 (MTS) for SiC layer. The effects of the various interlayers on the fracture behaviors and flexural properties were investigated. The PyC layer thickness showed significant influence on the flexural strength and an optimum PyC layer thickness was defined to be ∼ 150 nm. Fiber/matrix interfacial debonding occurred at the very fiber surface for single PyC layered composites while several interfacial debonding and cracking behaviors were observed with the PyC-SiC multilayered composites.
Introduction
There has been a strong interest in continuous SiC fiber reinforced SiC matrix composites for over decades for a variety of high-temperature, high-stress applications in aerospace, heat engine and energy conversion. [1] [2] [3] It has been well recognized that the mechanical behavior of SiC/SiC composites is closely related to the fiber/matrix interfacial properties. 4) A layer of carbon between the fiber and the matrix has been found to properly adjust the bonding between the components, yielding the materials with desirable mechanical properties. 5, 6) Initially, there was little concern with regard to the thickness of the carbon layer. It was assumed that the fibers were long and the entanglements in the bundles would allow the tows to act like ropes thus providing sufficient reinforcement to carry the load at the onset of matrix failure. 7) Further study on the composites revealed that the thickness of this layer is also important in determining the performance of the composites. 5, 8) Recent investigations to improve the interfacial property have extended the carbon layer to multiple layers such as (PyC-SiC) n . 9, 10) A 2D-Nicalon/SiC composites with multilayered PyC-SiC interlayers have been fabricated and studied. 10, 11) Also, Hi-Nicalon TM /SiC minicomposites with nanoscale (PyC-SiC) n interlayers have been developed. 12) One of the main advantages of the multilayers in SiC/SiC composites is the possibility to provide much complex interfacial cracking mechanisms and thus, to improve the materials performance. 9) For above 2D-Nicalon/SiC composites, two types of interfacial cracks, single long crack located at the fiber-interphase interface and multiple short cracks located within the interphase, were observed and higher toughness was obtained with those composites with multiple short cracks within the interphase.
11) For the Hi-Nicalon TM /SiC minicomposites, double-deflected interfacial cracks at both interfaces between matrix-interphase and interphase-fiber were found while the tensile properties were found to be unaffected by the presence of the multilayers. 12) In this paper, the flexural properties of 2D plain-woven CVI-Hi-Nicalon TM /SiC composites with single PyC interlayers of different thickness and with various PyC-SiC multilayers were studied at ambient temperature. The main objectives are to understand the mechanical response of composites under bending test and the effects of the various interlayers, especially the thickness of PyC layers, on the flexural properties and the interfacial debonding and cracking behaviors.
Experimental

Composite processing
Fibrous preforms were fabricated by stacking eight layers of 2D plain-woven Hi-Nicalon TM fiber cloth in 0-90
• . The preforms were compressed to keep a fiber volume fraction of around 33% by a set of graphite fixtures. The normal size of the preforms was 40 mm in diameter and 2.0 mm in thickness.
The preforms were pre-coated with single PyC layers of different thickness or a variety of PyC-SiC multilayers using an optimized isothermal CVI process.
13) The pre-coated preforms were finally densified with SiC matrix by the CVI process at 1273 K and 14.7 kPa. MTS was carried by hydrogen with a volume ratio of around 1:5 and hydrogen flow rate of 1 L/min. The densification process generally required 15 to 20 hours. Detailed fabrication process can be found elsewhere. 13) A composite without interlayer was also fabricated for comparison. 
Three point bending test
Three bending bars were prepared from each composite. The bars were cut parallel to one of the fiber bundle directions of the fabric cloth using a diamond wheel and both the tensile and compression surfaces were ground using diamond slurry. The final dimension of the bars was L30 × W 4.0× ∼ T 1.5 mm 3 . Certain bars were side-surface polished for SEM (scanning electron microscope) examination after the tests. Three-point bending tests (with a support span of 18 mm) were conducted at room temperature. The crosshead speed was 0.0083 mm/s.
Microstructure characterization
All the composites and the morphologies, thicknesses, and uniformities of the interlayers were examined using the JEOL JIM-6700F. The interlayer thickness was measured on the SEM images from 6 areas at the cross-section of each composite with an estimated resolution of ∼ 10 nm.
The fracture surfaces, interfacial debonding behavior and fiber pullout lengths were also observed with SEM. Sidepolished specimens were used to observe the propagation/deflection of transversal cracks at fiber/matrix interface. Specimens that did not completely separate during the bending tests were carefully broken apart by hand so that the fracture surfaces could be examined.
Results and Discussion
Composites with single PyC interlayer
Four different composites with single PyC layers of thickness from 100 nm to 760 nm were fabricated, as listed in Table 1 , as well as a composite without interlayer. In the column for interlayer structure and thickness in the table, the capital letters, F, M, and C, stand for the fiber, the matrix and the PyC layer, respectively. Included in the parenthesis are the standard deviations in the table. The mass density was obtained from each bending specimen's mass and volume. The porosity was calculated by: and displayed brittle failure, with no signs of toughening. The employment of PyC layers significantly improved the flexural behaviors. All the load-displacement curves of the PyC layered composites displayed several common features: 1) an initial linear region, reflecting the elastic response of the composites, followed by 2) a nonlinear domain of deformation until the load maximum, due mainly to the matrix cracking, interfacial debonding and fiber sliding, and individual fiber failures, 3) quick drop(s) of the load after reached its maximum, perhaps because of the failure of a significant fraction of the fibers, and then a gradual decrease of the load. Different load maximums are shown in Fig. 1 for the various composites. SEM fracture surface examination revealed a smooth and flat fracture surface of composite NL, with no evidence of fiber/matrix debonding and fiber pullout. Debonding and fiber pullouts were observed on the fracture surfaces of all the PyClayered composites, as shown typically in Fig. 2(a) . The fiber pullout length was about several micrometers. High magnification SEM images examination revealed that fiber/matrix debonding and interfacial crack deflection in all the PyC layered composites predominantly occurred at the fiber surface, as shown in Fig. 2(b) for composite SL-760. Longer fiber pullout (> 10 µm) is also exhibited in this image.
The flexural properties are summarized in Table 1 . All the properties, proportional limit stress (PLS), ultimate flexural strength (UFS), and fracture energy were determined from the load-displacement curves according to ASTM C 1341-97.
14) The PLS was the stress corresponding to a 0.01% offset strain. Fracture energies were obtained from the areas below the load-displacement curves till the load maximums. Various flexural properties were exhibited by the composites. Since the composites were fabricated using the same CVI process with the same 2D plain-woven Hi-Nicalon fabric as the reinforcement with similar fiber volume fraction, the PyC layer thickness is considered to be the main reason causing the difference of flexural properties, ignoring the effects of densities due to the very small difference of the densities among the composites. Figure 3 relates the PLS and UFS to the PyC layer thickness. The value of PLS and UFS of composite without layer is essentially the same, and is the lowest one among all the composites. Both the PLS and UFS were improved by the use of PyC layers. The strength increased quickly with increasing the layer thickness up to 150 nm, beyond which decreased gradually. When the PyC layer is thicker than ∼ 200 nm, the PLS and UFS showed little decrease with the PyC layer thickness. The highest individual specimen PLS and UFS were 539 MPa and 789 MPa, obtained from composite SL-150, which was deposited with 150 nm-thick PyC interlayer. This composite also yielded the largest fracture energy of 9.1 kJ/m 2 , as shown in Table 1 . These indicate an optimum PyC layer thickness of ∼ 150 nm to maximize the flexural properties. Similar results have been reported with 1D Nicalon/PyC/SiC minicomposites and 2D plain-woven Nicalon/SiC composites. 5, 9) The best tensile properties (for the 1D minicomposites) and flexural properties (for the 2D composites) were obtained with carbon coating thickness of ∼ 200 nm and ∼ 170 nm, respectively.
As clarified by Naslain, 9) the main functions of the interface in a continuous fiber reinforced ceramic matrix composite are to transfer the load from the matrix to the fibers to take the advantages of the strong reinforcement fibers and to deflect the matrix cracks at the interface to gain the composites improved fracture tolerance. The load transfer function generally requires strong enough fiber/matrix bonding while weaker bonding is better for deflecting impinge matrix cracks at interface through interfacial debonding. The interfacial strength can be modified through the deposition of a carbon interlayer due to its compliant nature. It was found 8) that the interfacial shear strength of plain-woven Nicalon-CG(commercial grade) fiber-reinforced CVI-SiC matrix composites decreased with increasing the carbon interlayer thickness. Thicker carbon layer absorbs more residual radial clamping stress in the fiber, and hence, results in decreased interfacial shear strength. Therefore, it is likely that the 150 nm PyC layer yielded the present composite SL-150 an interfacial strength that might provide a best balance between load transfer and matrix crack deflections at the interface, and therefore, resulted in the highest flexural strength of the composite among all the composites. For CVI-SiC/SiC composites, the residual radial clamping stress in the fiber is mainly from the thermal residual stress (TRS) resulting from different thermal expansion during process. The radial coefficient of thermal expansion (CTE) of Hi-Nicalon fiber at ambient temperature is 3.5 × 10 −6 K −1 , 13) versus slightly smaller value of 3.2 × 10 −6 K −1 13) for the Nicalon-CG fiber. The CTE of typical CVD(chemical vapor deposition)-SiC is 4.6 × 10 −6 K −1 , 13) much larger than both the two fibers. Therefore, a residual radial clamping stress is exposed to the fibers in both Hi-Nicalon and Nicalon-CG reinforced CVISiC/SiC composites. Smaller TRS is estimated in CVI-HiNicalon/SiC composites than in CVI-Nicalon/SiC composites due to smaller mismatch of CTE between Hi-Nicalon fiber and CVD-SiC. Thus, thinner compliant interlayer is expected in CVI-Hi-Nicalon/SiC composites to absorb the TRS. This might provide an explanation for the difference of above op- timum carbon layer thickness for the two composite systems, slightly thinner for Hi-Nicalon TM /SiC composites. The debonding and crack deflection predominantly occurred at the very surface of the Hi-Nicalon TM fibers. This indicated a weaker bonding at the fiber-PyC interface rather than at the PyC-matrix interface, presumably due to a graphite layer or very thin oxide layer formation on the as-received HiNicalon TM fiber surface.
15)
Composites with PyC-SiC multilayers
The interlayer structures and densities as well as porosities of composites with PyC-SiC multilayers are given in Table 2 . Five composites were fabricated with various PyC-SiC multilayers. Figure 4 shows SEM image of the interlayers of composite 2L-380. A SiC layer of 250 nm in thickness was deposited on the fibers before the deposition of a 380 nm-thick PyC layer. SEM interlayer examination of the other multilayered composites also confirmed a successful deposition of the PyC-SiC multilayers with rather good through-thickness uniformity, as indicated in Table 2 .
The load-displacement curves of the multilayered composites are shown in Fig. 5 , which exhibits similar features as those for single PyC layered ones. Figure 6 shows the SEM images of a pulled out fiber ( Fig.  6(a) ) and transverse crack deflections and propagations at interfaces (Fig. 6(b) ) of composite 2L-380. Both images were taken from areas near to the tensile surface of the specimen. Figure 6 (b) was taken from the side-surface of the specimen that was pre-polished before the bending test. Figure 6 (a) revealed that the surface of the pulled out fiber was partially ii) crack was deflected by SiC sub-layer. iii) crack was deflected at the fiber surface. Similar interfacial cracking behavior was also observed from the fracture surface of another bi-layered composite, 2L-125. Crack deflection and propagation within the multilayers was also observed on the fracture surfaces of composite 3L-80 and 3L-50, but not found on the fracture surface of composite 4L-50. Matrix cracks in composite 4L-50 mostly went directly through the multilayers and were deflected at the fiber-interlayer interface, as that of single PyC layered composites. The PLS, UFS and the fracture energy of composites with multilayers were also extracted from the load-displacement curves and are listed in Table 2 . Although various flexural properties were demonstrated by the multilayered composites, no obvious effect of multilayers on the flexural strength could be noticed compared with that of single PyC layered composites. Similar results have been drawn by Bertrand, et al., 12) and Besmann, et al., 16) However, as shown before, much complex interfacial cracking and debonding behaviors were demonstrated on the fracture surface of the multilayered composites. The interfacial debonding and cracking behaviors of composites 2L-125 and 2L-380 indicate that the deposition of a 250 nm-thick isothermal CVI-SiC layer on asreceived Hi-Nicalon fibers prior to PyC layer could control the fiber/matrix debonding and fiber sliding within the SiCPyC layers rather than at the very fiber surface. This would be helpful for preventing the fibers from degradation when applied under severe conditions such as high temperature oxidation environment. In addition, although the multilayered composites did not show clear trend of larger fracture energies than those of single PyC layered ones except composite 2L-380 that yielded the largest fracture energy, 11.8 kJ/m 2 , among all the composites, a contribution to toughness can be expected from the multilayers due to the complex interfacial cracking behaviors.
The SEM fracture surface examinations revealed that although different interfacial debonding and cracking behaviors were exhibited by the multilayered composites, the first PyC layer to the fiber demonstrated the most frequent debonding. When SiC layer was first coated on the fiber (2L-125, 2L-380, and 4L-50), debonding occurred at the SiC-PyC layers interface except composite 4L-50, in which the SiC layer thickness was very thin. When the first layer was PyC (composites 3L-80, 3L-50), debonding occurred mostly at the fiber/PyC layer interface although simultaneous debonding and crack deflections at the SiC-PyC layers interface were also often observed. These observations suggest that the first carbon layer near to the fiber is a relatively weak link in the multilayered composites, and thus, has significant affection on the interfacial properties. Rebillat et al. 10) has also reported that the interfacial characteristics seemed to be related to the thickness of the first carbon layer on the fibers in as-received Nicalon fiber reinforced CVI SiC/SiC composites with (C-SiC) n interlayers. Therefore, the PLS and UFS of the multilayered composites were related to the first PyC layer thickness and the results are given in Fig. 7 . Figure 7 shows that considering the standard deviations of both PyC layer thickness and flexural strengths, the PLS and UFS of the multilayered composites fit quite well into the trends for those of composites with single PyC layers, which indicates that the mechanical properties of the composites are largely affected by the first PyC layer. This is in agreement with the fracture surface observation that the first PyC layer demonstrated the most frequent debonding.
Although the first PyC layer demonstrated the most frequent debonding, the flexural properties and interfacial cracking behaviors studies showed that the stiff SiC sub-layer in the multilayered composites could provide more chance for the deflection or branching a matrix crack without the loss of the flexural strength of the composites. Therefore, it is possible to design SiC/SiC composites with multilayers in which compliant sub-layer(s) such as PyC is used for modifying the interfacial strength while stiff sub-layer(s) such as SiC is used for controlling the interfacial cracking behaviors. This stiff layer(s) can also, to some extent, protect the reinforcement fibers (especially when it is first deposited on the fibers) and the compliant layer(s) from environmental attacks when the material is appropriately selected. Care should be taken on the amount or thickness of the first compliant layer for desired interfacial bonding and therefore, desired mechanical properties of the composites. (1) PLS and UFS of the composites displayed close dependence on the first PyC layers. Both the PLS and UFS showed sharp increase with the increase of the PyC layer thickness till ∼ 150 nm, and then decreased gradually. When the PyC layer was thicker than ∼ 200 nm, the PLS and UFS showed little change via the PyC layer thickness. The optimum PyC layer thickness has been defined to be ∼ 150 nm, in terms of flexural properties.
Conclusions
(2) Fiber pullouts were observed for all the interlayered composites. Debonding and crack deflection predominantly occurred at the fiber-PyC layer interface for single PyC layered composites. Various interfacial debondings and crack deflections were observed for composites with PyC-SiC multilayers.
(3) The flexural strength was not significantly affected by the multilayers which contain stiff SiC sub-layer(s). The SiC sub-layer showed the ability to control the interfacial cracking within the multilayers rather than at the fiber surface. Therefore, it is possible to design SiC/SiC composites with multilayers in which compliant sub-layer(s) such as PyC is used for modifying the interfacial strength while stiff sub-layer(s) such as SiC is used for controlling the interfacial cracking behaviors, resulting in possible further improved performances (against environment attacks) of the composites when the interphase materials are appropriately selected.
